The objective of this study was to evaluate a method for predicting daily protein accretion rates of various genotypes of pigs reared in different environmental conditions using easily obtained mean daily fat-free growth rates. Data were obtained for seven genotype-environment groups of gilts and nine groups of barrows. Daily empty body protein accretion rates were estimated at 1.0-kg intervals between 20 and 120 kg live weight. The estimates were fitted to a generalized exponential
Introduction
Several pig growth models have been developed by university and private industry researchers. These models estimate daily requirements of energy, amino acids, and minerals needed for maintenance and growth (Stranks et al., 1988) . The efficiency of lean pork production can be improved by using swine growth models to evaluate genetic, nutritional, and management alternatives (Whittemore, 1986; de Lange, 1992) .
Swine growth models require an estimate of the commercially achievable or operational protein accretion rate (Moughan, 1989; de Lange, 1992; Schinckel, 1994) . Methods to estimate whole-body protein growth rates include serial slaughter with chemical analysis (Whittemore et al., 1988; Schinckel, 1994) and use of serial live weight and real-time ultrasonic measurements (Schinckel, 1994) . For many smaller commercial herds, an easier, more economical method to predict protein accretion rates is to estimate fat-free lean gain from 20 kg to slaughter. Fat-free lean gain can be estimated by obtaining the percentage of fatfree lean and warm carcass weight from a pork processor and calculating days of test from 20 to 30 kg to slaughter (NPPC, 1991 (NPPC, , 1994 .
The objective of this study was to evaluate the use of fat-free lean gain estimates between 20 and 120 kg live weights as economical and practical predictors of daily protein accretion rates for various genotypes of pigs reared in different environmental conditions.
Materials and Methods
Data were obtained from swine growth trials conducted 1991 through 1994. Predicted protein accretion rates and mean fat-free lean growth rates were obtained for seven groups of gilts and nine barrow groups. The genotypes were reared under different environments including differences in years, seasons, facilities, stocking densities, and health status. The data are intended to represent the variability in operational protein accretion rates of different commercial production units. A total of 320 gilts and barrows from five genotypes were obtained from commercial herds at 18 kg live weight and transported to the Purdue University Swine Research Station from March 20 to April 1, 1991. The genotypes were selected to provide a range in feed intake, growth rate, and carcass composition. The genotypes were composed of one synthetic line, one maternal cross, and three terminal crosses. The pigs had ad libitum access to a series of pelleted isocaloric diets designed to maximize protein accretion (Table 1) . The pigs were serially slaughtered at target weights of 25, 45, 65, 84, 100, 129, 149, and 152 kg.
The pigs were transported to the Purdue University abbatoir where they were stunned and immediately exsanguinated. Blood was collected. The head was removed at the atlas vertebra and split into halves along the median plane. The visceral organs, minus contents, blood and leaf fat, were grouped into a composite sample and frozen. The frozen composite viscera sample was ground through a 32-mm plate, mixed thoroughly, and reground. A random .5-kg sample was obtained for proximate analysis. The carcass was split along the dorsal midline and weights of the two carcass halves were taken. The left carcass side and left head side were immediately frozen. The frozen carcass and head samples were ground in a whole-body grinder (Autio Model 801-6P-15, Astoria, OR) and mixed three times via a paddle mixer, and a random .5-kg sample was selected. The .5-kg carcass and head sample was homogenized in a commercial food processor. Protein percentages were determined by standard Kjeldahl procedures on triplicate 1-to 4-g samples, in which moisture and ether extracts had been removed.
Total carcass protein mass was calculated as the ratio of the total hot carcass mass divided by the left side carcass-head mass (approximately 2.00) times the protein mass of the left carcass-head. Empty body protein mass was calculated as the sum of the total carcass protein mass and the composite visceral sample. Thus, empty body protein is the whole-body protein minus gut fill.
Carcass right sides were separated into four primal cuts (ham, loin, butt, and picnic). Each wholesale set was separated into lean, intermuscular fat, subcutaneous fat, skin (if present), and bone. Each lean sample from the four lean cuts was mixed and ground three times through a 3.2-mm (1/8-inch) plate. After grinding, a .5-kg subsample was homogenized. The trimmed fat including subcutaneous and intermuscular fat from the four primal cuts was combined into a single pooled fat sample. The belly, spareribs, neckbones, jowl, feet, and tail were separated into skin, bone, and soft tissue. The soft tissue, a combination of lean and fat, was ground through a 3.2-mm (1/ 8-inch) plate and a .5-kg subsample was homogenized. Lean, fat, and soft tissue samples were analyzed for percentage of extractable lipid by the AOAC (1990) Soxhlet extraction procedure. Fat-free lean mass was calculated as the dissected lean or soft tissue mass minus the fat tissue mass estimated as the lipid mass within the tissue divided by the lipid percentage of the pooled fat. Carcass fat-free lean mass was calculated as the sum of the fat-free lean from the four lean cuts and soft tissue from the other carcass parts.
Prediction equations for empty body and carcass fat-free mass were developed using live weight and real-time ultrasonic measurements as independent variables. These equations were used to predict empty body protein and fat-free lean mass in subsequent swine growth trials conducted from 1992 to 1994. In these trials, pigs were also allowed ad libitum access to a series of four diets designed to maximize lean growth. The pigs were measured via real-time ultrasound at 14-d intervals from approximately 20 to 120 kg live weight.
Each genotype-sex group of pigs included 32 pigs derived from litters that were produced from as many sires and dams as possible. A range of 6 to 10 sires and 16 to 24 dams were represented by each genotypesex group. Predicted protein accretion curves were obtained for each genotype-sex group by using nonlinear analyses. Live weight was fitted to a flexible inflection point, three parameter growth curve (Bridges et al., 1992) , WT = MW × ( 1 -+ 1.35, ) e mt a where WT = live weight (kilograms), MW = mature weight (kilograms), t = days of age, and m and a are growth function parameters. Weighed least squares analyses were conducted for MW, M, and a. Empty body protein mass (PM, kilograms) was expressed as an augmented allometric function of live weight (PM = aWT b (c − WT) d ) . The function was fit by using a log transformation that both linearized the equation and equalized the residual variances at each live weight, Log PM = Log a + b Log WT + d Log ( c − WT). The d coefficient was significant ( P < .01) for empty body protein mass (Wagner et al., 1995) . Protein accretion rates were predicted as the product of the derivatives of live weight growth ( dLW/dt ) and protein mass to live weight ( dPM/dLW) functions (Whittemore et al., 1988; Schinckel, 1994) . Data from the 1991 cooperative lean growth trial included actual empty body protein and fat-free lean data (Schinckel, 1994; Schinckel and Einstein, 1994; Schinckel et al., 1995) . Predicted fat-free lean and empty body protein mass were obtained using serial real-time ultrasonic measures and carcass measurements in prediction equations developed from the cooperative lean growth trial.
Fat-free lean gain was calculated as fat-free lean mass either measured or predicted at 115 to 120 kg minus predicted fat-free lean mass at 20 to 25 kg. Daily fat-free lean gain was calculated as fat-free lean gain divided by days on test.
The relationship
where PA = protein accretion, grams per day; WT = live weight, kilograms; and A, B, C, and D are estimated parameters has been shown to be both flexible and descriptive of biological responses (Kanis and Koops, 1990; Williams et al., 1994) . A simple generalization of the above relationship between protein accretion and live weight that allows changes in the coefficients to become a function of the mean fat-free lean growth from 20 to 120 kg is the following:
where M denotes mean fat-free lean gain from 20 to 120 kg; a, ã , b, b, c, c, d, and d are parameters; and the other notation is as above. With this generalized form, each of the estimated parameters from the linespecific relationship has been expressed as a linear function of M (i.e., the parameter A is replaced by a + ã M, B is replaced by b + b M, etc.). Because the original protein accretion estimates were products of the derivatives of live weight as a function of time and protein mass as a function of live weight, direct estimation of the protein accretion curve was not possible. Thus, the parameters in the generalized form were chosen so that the generalized form simultaneously fits the genotype-environment specific relationships through the use of a curve-fitting problem. Estimated growth parameter values for genotypeenvironment specific relationships are documented in Table 2 . Each of these relationships was evaluated in 1-kg increments from 20 to 120 kg for use as independent variables in our curve-fitting problem.
The relationship was estimated in logarithmic form via the following nonlinear least squares problem:
where i denotes the line (i=1,...,I), and Y ij denotes the predicted value for protein accretion from the linespecific relationship for line i at j kg. Thus, the goal of this problem is to minimize the sum across lines and weights of squares of the difference between the generalized and genotype-environment specific relationships. This relationship was estimated separately for barrows and gilts. One implementation difficulty for this problem is that the first term inside the brackets involves the logarithm of parameter values. In the process of solving the least squares problem, which is performed by a sophisticated trial and error procedure, it may be necessary to evaluate the least squares function for parameter values where some or all of the expressions a + ãM i are negative, creating a problem for evaluating the logarithm of the expression. To circumvent this problem, the following constraints are added to the least squares problem: a + ãM i ≥ e I = 1,2, . . .,I
where e is chosen to be a positive number that is sufficiently small that none of these constraints will be binding at the minimum of the least squares problem. The curve-fitting problem was implemented using the GAMS/MINOS (Brooke et al., 1989) software that is extremely well-suited to minimizing nonlinear functions subject to linear inequality constraints. Two methods were used to measure the effectiveness of the generalized function as a description of the genotype-environment specific protein accretion data. The first method was to fit the genotype-environment specific values as a linear regression of the predicted values from the generalized function. Unbiased prediction equations should result in equations with values of zero for the intercept and one for the regression coefficient. Also, the percentage of absolute error for each data point was calculated as the absolute value of the prediction error divided by the genotype-environment specific value. The mean value of the absolute prediction errors was calculated at each specific live weight for each sex.
Results and Discussion
The parameter values computed as the solutions to these curve-fitting problems are displayed in Table 3 for gilts and barrows. Although this is a least squares problem, it must be emphasized that this is not a statistical procedure, but a curve-fitting problem. As such, the concepts of t-statistics, hypothesis testing, and goodness-of-fit tests are not applicable. However, as an indication of the effectiveness of employing the generalized form, the sum of squares objective function is listed for the cases in which all the slopes on M i are fixed at zero value (and thus, the function does not shift with the mean protein accretion from 20 to 120 kg) and for the fully generalized case. For gilts, employing the generalized form reduced the sum of squares by a factor of more than 3.7, whereas for barrows, using the generalized form reduced the sum of squares by a factor of approximately 1.7.
The predicted empty body protein accretion curves for barrows and gilts are presented in Figures 1 and 2 . Protein accretion from groups of pigs with high fatfree lean growth rates tended to have larger increases in protein accretion from 20 to 50 kg and larger declines in protein accretion from 70 to 120 kg. Groups of pigs with lower fat-free lean growth rates had almost consistent protein accretion rates from 40 to 90 kg live weight. Regression of the genotype-environment specific protein accretion on the predicted protein accretion rates indicated no significant biases. The intercept values of 1.2 ± 1.2 and 1.1 ± 1.0 g/d for gilts and barrows, respectively, were not different ( P > .10) from zero. The regression coefficients of .992 ± .01 and .991 ± .01 were not significantly different from one.
The mean percentage absolute errors expressed are presented for each sex at each kilogram of live weight (Figure 3) . The mean percentage absolute values of the errors were 3.5% for gilts vs 6.1% for barrows. The errors were largest between 110 and 120 kg live weight. From 20 to 110 kg live weight, mean percentage errors averaged 2.7% for gilts vs 4.8% for barrows.
The accuracy of this method for predicting actual daily empty body protein accretion rates is dependent on the accuracy of the estimate of mean fat-free lean gain from 20 to 120 kg. Four factors affect the accuracy of the estimate of mean fat-free lean: 1 ) the number of pigs sampled and the numbers of sires and dams represented, 2 ) inclusion of all pigs initially identified at 20 kg live weight, which will reduce biases in estimation of the growth rates, 3 ) accuracy of the prediction of fat-free lean mass at 20 kg, and 4 ) accuracy of the prediction of fat-free lean mass at the approximate 120-kg slaughter weight.
Weight (kilogram) of fat-free lean mass at 20 kg live weight can be estimated from a prediction equation using live weight as the only independent variable (Brannaman, 1984; NPPC, 1991) . This assumes that the variation in lean content of 20-to 25-kg pigs is very small even when different genotypes, sexes, or management environments are represented. Data from the 1991 cooperative lean growth trial resulted in a mean fat-free lean mass of 8.8 kg at 26.9 kg live weight (unpublished data). The fourteen genotype-sex means, adjusted for live weight, had a SD of .61 kg and a range of 7.3 to 10.0 kg, indicating that potential errors in estimating initial fat-free lean mass could occur by using only live weight as a predictor of pretest fat-free lean mass. Also, the accuracy and degree of bias associated with fat-free lean mass estimates at slaughter significantly influence estimates of fat-free lean gain. The majority of pork processors are using either optical probe measurements or a single midline backfat thickness measurement with warm carcass weight to predict percentage of fat-free lean. Significant genotype, sex, and ractopamine biases have been found to be present when predicting dissected or fat-free lean mass using prediction equations including only these independent variables (Rae et al., 1985; Gu et al., 1992; Wagner, 1992) .
The objective of this research was to evaluate the use of easily obtainable mean fat-free lean growth data to predict daily protein accretion rates from 20 to 120 kg live weight. These preliminary results offer encouraging evidence that a generalized equation can be used to predict daily protein accretion rates from mean fat-free lean growth data. Further research with additional genotype-environment populations is needed to evaluate the magnitude of differences in the shape of the daily protein accretion curves of groups of pigs with similar mean fat-free lean growth rates. Because errors in estimation of operational protein curves will lead to errors in management and nutritional decisions, commercial producers must consider the cost of development of specific protein accretion curves for each genotype-production unit vs the benefit of more precise inputs to swine growth models.
Implications
A method was developed for estimating daily protein accretion rates from fat-free lean growth data for specific live weights. Pork producers can use fatfree lean index data reported by pork processors and on-farm live weight growth data to estimate daily protein accretion rates needed as inputs for swine growth models. One limitation of the method is potential biases in estimating fat-free lean mass at pretest and slaughter. Additional research is needed to add additional genotype-environment groups to the data bank and to determine the cost-effectiveness of precise, but more expensive, methods for establishing operational protein accretion curves.
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